NW14A is a newly constructed undulator beamline for 100 ps time-resolved X-ray experiments at the Photon Factory Advanced Ring. This beamline was designed to conduct a wide variety of time-resolved X-ray measurements, such as time-resolved diffraction, scattering and X-ray absorption fine structure. Its versatility is allowed by various instruments, including two undulators, three diffractometers, two pulse laser systems and an X-ray chopper. The potential for the detection of structural changes on the 100 ps time scale at NW14A is demonstrated by two examples of photo-induced structural changes in an organic crystal and photodissociation in solution.
Developing 100 ps-resolved X-ray structural analysis capabilities on beamline NW14A at the Photon Factory Advanced Ring 
Introduction
Time-resolved X-ray measurement is a powerful tool for the investigation of ultrafast science in various research fields ranging from local photochemical or photobiological processes, such as photodissociation (Schotte et al., 2003; Chen et al., 2001) , to photo-induced phase transitions in crystals, including photo-induced insulator-metal transitions (Cavalleri et al., 2004) and photo-induced ferroelectricity (Collet et al., 2003) . Time-resolved X-ray experiments that have been developed with the rapid progress of synchrotron sources have made it possible to study photo-induced ultrafast transformations by synchronizing X-ray pulses with ultrashort laser pulses Wulff et al., 1997; Siders et al., 1999; Schoenlein et al., 2000; Cavalieri et al., 2005; Lindenberg et al., 2005) . This pump-probe synchronization can be combined with established X-ray techniques, such as diffraction, scattering and absorption experiments. Time-resolved X-ray diffraction, which enables direct access to the dynamics of electronic, atomic and molecular motions, provides a unique opportunity to obtain key information on the mechanism of transformations driven by a laser pulse Techert et al., 2001; Schotte et al., 2003; Collet et al., 2003) . Time-resolved X-ray absorption fine structure (XAFS) (Chen et al., 2001; Saes et al., 2003) and time-resolved scattering Ihee et al., 2005) measurements are also important for studying the cluster dynamics as complementary experiments of time-resolved diffraction measurements. The Photon Factory Advanced Ring (PF-AR) is a full-time single-bunch synchrotron radiation source operated for timeresolved X-ray studies with pulsed X-rays. By utilizing the full advantage of the sparse bunch structure of the PF-AR ring, the in-vacuum undulator beamline NW14A was constructed for time-resolved X-ray studies. The instrumentation developed at NW14A is described in this paper with two examples from time-resolved diffraction and XAFS experiments.
2. Design and performance of the NW14A beamline 2.1. Storage ring and overall design of the beamline Time-resolved X-ray experiments using the bunch structure of the storage ring primarily require a relatively sparse bunchfilling. The 6.5 GeV PF-AR is fully operated in single-bunch mode for about 5000 h per year. Electrons with a ring current of 60 mA (75.5 nC per bunch) are stored in a single bucket with a lifetime of $ 20 h. The radio frequency (RF) for cavities and harmonic number of the PF-AR are 508.58 MHz and 640, respectively. Therefore, the X-ray pulses are delivered at a frequency of 794 kHz with a pulse duration of about 100 ps [full width at half-maximum (FWHM)]. A schematic drawing of NW14A is shown in Fig. 1 and the specifications of the source and optical elements are listed in Table 1 .
Insertion device and front-end
The beamline has two undulators with period lengths of 20 mm (U20) and 36 mm (U36). U20 gives the first harmonic in the energy range 13-18 keV. The energy bandwidth of the first harmonic is ÁE/E ' 15%, which can be utilized as a 'narrow-bandwidth white beam' or a 'wide-bandwidth monochromatic beam'. U36, which is used as a tunable and intense monochromatic X-ray source by use of a double-crystal monochromator and a focusing mirror, covers an energy range of 5-20 keV with the first, third and fifth harmonics. The measured photon flux from U36 and U20 at several gaps is shown in Fig. 2 . The absolute photon flux was estimated by measuring the photocurrent using a PIN photodiode. The PIN photodiode was located at 43.7 m in the experimental hutch, and the X-ray was focused on the surface of the PIN photodiode with a spot size of 500 mm (H) Â 250 mm (V). The intensity was normalized to a 60 mA ring current and Schematic drawing of NW14A. The beam is monochromized by a double-crystal monochromator and then focused using a focusing mirror. Higher orders are rejected by a pair of flat mirrors. Measured photon flux from U20 and U36 at several gaps. The intensity was normalized by 60 mA of the ring current and 0.318 mrad (H) Â 0.053 mrad (V) beam divergence. In U36 the photon flux at the gap of 18 mm was measured without one of the two graphite heat absorbers to increase the flux around 5 keV. 0.318 mrad (H) Â 0.053 mrad (V) beam divergence. When the gap of U36 is wider than 18 mm, one of two graphite heat absorbers can be removed from the beam path because the heat load on the monochromator is relatively low. The spectrum from U20, which has a smooth energy distribution in the energy range 13-18 keV, is useful for experiments using a white beam, such as time-resolved Laue diffraction. In Fig. 2 the photon flux from U36 at 18 mm gap was measured without one of the graphite heat absorbers and, thus, the photon flux could be increased by one order of magnitude around 5 keV. In U36, more than 1 Â 10 12 photons s À1 of photon flux were produced in the energy range 5-20 keV by the first, third and fifth harmonics.
The front-end consists of a fixed mask, a beam-position monitor, two graphite heat absorbers, a beam shutter, XY slits for white X-rays, and double Be windows. The radiation power from the undulator can be reduced by the graphite heat absorber, the Be windows and by limiting the opening aperture.
The photon flux density estimated from the measured flux from U36 and U20 is shown in Fig. 3 . The absorption of the graphite heat absorbers and Be windows, the reflectance of rhodium in the focusing mirror, and the bandwidths of the monochromator are taken into account in order to estimate the photon flux density. The intensity was normalized by 60 mA of the ring current and 1 mrad (H) Â 1 mrad (V) beam divergence.
X-ray optics
The main optical components are a double-crystal monochromator, a focusing mirror and a cut-off mirror, which are located 31.62 m, 44.62 m and 47.12 m from the center of insertion device U20, respectively. The monochromator consists of flat silicon (111) crystals, which are cooled by liquid nitrogen in order to reduce the deformation caused by heat load problems (Kawata et al., 2004; Mochizuki et al., 2001) . The cooling system can handle heat loads up to 450 W.
A bent cylindrical mirror focuses the beam at the sample position. The mirror is coated with rhodium (100 nm thick). The mirror can be bent at a range of bending radii between À2000 m and +2000 m by a mechanical bender. A schematic view of the focusing mirror is shown in Fig. 4 (a). The glancing angle is adjusted by tilting the mirror at the mirror's center. A bending mechanism directly applies the bending momentum to the mirror. The bending deflection is defined in Fig. 4 (a). The beam size from U36 was measured with 0.318 mrad (H) Â 0.053 mrad (V) beam divergence. The focusing ratio was 4.53 : 1 as the focusing point and the center of the mirror were located 40.9 m and 33.5 m, respectively, away from U36. The horizontal beam size at several glancing angles is shown in Fig. 4(b) . The glancing angle is represented as where R s = 37.97 mm is the sagittal radius of the cylindrical mirror, L 1 is the distance between U36 and the mirror, and L 2 is the distance between the mirror and the focusing point. The best horizontal focus was acquired with a glancing angle of 3.132 mrad as derived from the equation. The vertical beam size at several bending deflections is shown in Fig. 4(c) , and the best vertical focus was acquired at 6.5 mm. The beam FWHMs are 464 mm (H) Â 236 mm (V), in agreement with the known mirror aberrations. The cut-off mirror system consists of two flat mirrors to reduce contamination of the higher harmonics. Both mirror surfaces are coated with rhodium (100 nm thick). The inclination of each mirror is adjustable in the range 0-12 mrad. Consequently, it is possible to choose the cut-off energy from 4 to 20 keV without changing the direction of the monochromatic beam. The second mirror of the cut-off mirrors can also be bent by a mechanical bender in order to fix the vertical angle dispersion of the beam. InGa liquid metal is inserted between all of the X-ray mirrors and the water-cooled copper plate to obtain a good thermal contact. The number and thickness of the beryllium windows are reduced so as to minimize the low-energy limit; thus, X-rays between 5 and 20 keV can be used at NW14A.
Laser systems
NW14A has two pulse laser systems: a 150 fs Ti : sapphire regenerative amplifier laser system (Spectra Physics, MilleniaTsunami-Spitfire-Evolution) and a Q-switched Nd :YAG laser (Continuum, Powerlite 8000). The Ti: sapphire laser system, which is operated at 800 nm fundamental wavelength, is capable of reaching up to 1 mJ pulse À1 with a repetition rate of 945 Hz. The laser is installed in a laser hutch next to the experimental hutch. An optical parametric amplifier (Light Conversion, TOPAS-C) for the 150 fs laser system is also installed in the laser hutch to enlarge the spectral range from visible to mid-infrared. The laser beam is brought to the sample in the experimental hutch through a chicane. The flash lamp of the YAG laser is externally triggered at 10 Hz, and 10 ns-wide 1 J laser pulses are obtained by cavity Q-switching. The YAG laser can be used near the sample in the experimental hutch because it is movable.
Synchronization of X-ray and laser pulses
The synchronization of X-ray and laser pulses is based on the RF master clock that drives the electron bunch in the storage ring. When the X-ray experiment is conducted with a 945 Hz Ti: sapphire laser and a detector with no gating such as a CCD or an imaging-plate detector, an X-ray chopper is required to synchronize the X-ray and the laser pulses at a 1 : 1 ratio. The timing block and the synchronization chart are shown in Fig. 5 . The X-ray pulse is emitted every 1.26 ms (794 kHz = 508 MHz/640) from the PF-AR as shown in Fig. 5(i) , because the harmonic number is 640. After the RF amplifier, the RF master clock is separated into two major timings: one for the laser system and the other for the X-ray chopper. In the X-ray chopper the 508 MHz RF signal and the 794 kHz revolution signal are used as the clock and bunch phase reference signal, respectively. A 945 Hz (794 kHz/840) repetition frequency of the X-ray is then produced to match the frequency of the Ti: sapphire 150 fs laser system. The X-ray chopper, made by Forschungszentrum Jü lich (Lindenau et al., 2004) , consists of a rotor furnished with a narrow channel for the beam passage. A novel feature of the chopper is its continuous phase locking with a timing jitter of less than 2 ns. The open time of the channel at the center of the tapered aperture is 1.64 ms with 945 Hz, as shown in Fig. 5(ii) . If the frequency of the laser is slower than 945 Hz, such as that of the YAG laser system with a 10 Hz operation, synchronization between the X-ray and the laser pulses in a 1 : 1 ratio can be made by inserting a millisecond shutter (UNIBLITZ, XRS1S2P0) between the X-ray chopper and the sample. In the laser system, the mode-locked Ti : sapphire laser is operated as the seeding laser at 85 MHz (508 MHz/6) and is guided to the Timing block diagram (top) and chart (bottom) of the synchronization system when using the X-ray chopper to synchronize between 794 kHz X-rays and 945 Hz laser pulses in a 1 : 1 ratio. Timing chart of the X-rays from PF-AR (i), the X-ray chopper (ii), the X-rays at the sample (iii), and the laser at the sample (iv). regenerative amplifier. The laser pulse, which is synchronized with the pulse X-ray, is generated to pump the regenerative amplifier by the Q-switched Nd : YLF laser triggered at 945 Hz (85 MHz/89600). Then, 945 Hz laser pulses are brought into the sample position by some mirrors with a light path of about 10 m. Double-pulse trains, which consist of laser pulses and probing X-ray pulses at the sample, are shown in Figs. 5(iii) and 5(iv). Any delay between the double-pulse trains is controlled by changing the emission timing of the pulse laser with a delay generator, counter (1/6) and an analog phase shifter. The fine control of the relative delay on the 100 ps time scale is achieved using a phase shifter, which controls the RF phase electrically.
Monitoring timing
The timing of the X-ray and the laser was measured using a InGaAs metal-semiconductor-metal (MSM) photodetector (Hamamatsu, G7096) coupled to a high-frequency preamplifier and a 2.5 GHz digital oscilloscope (Tektronix, DPO7254). The typical rise time of the photodetector is 40 ps, which is faster than the X-ray duration. The diode was set at the sample position. The guard glass in front of the diode was removed to increase the sensitivity of the X-ray below 10 keV. A signal waveform recorded by the diode with 50 load impedance is shown in Fig. 6 , where the laser and the X-ray pulses are separated by 6.4 AE 0.1 ns. The 0.1 ns time resolution of NW14A is attributed to the pulse width of the X-ray because the total jitter is less than 0.1 ns. The diode is also used to check the phase difference between the arrival X-ray and the channel of the X-ray chopper at the position of the chopper. When the X-ray is out of phase with the chopper, the phase is adjusted by monitoring the signal waveform from the oscilloscope and varying the delay of the chopper.
Diffractometers
NW14A has three diffractometers: a MarCCD 165 with a MarDTB (Mar USA), an imaging-plate (IP) diffractometer (Rigaku, RAPID-SR3) and a seven-circle diffractometer (HUBER). Time-resolved measurements can be conducted with all diffractometers combined with the pulsed laser system. The data set for the structural analysis can be measured by the CCD with a 16-bit analog-to-digital converter (ADC). The readout time of the CCD is about 2.5 s. The CCD image has 2048 Â 2048 pixels with a 80 mm Â 80 mm pixel size. The camera length can be adjusted from 20 mm to 370 mm, and the maximum 2 angle is 106
. When a diffraction image with a wide dynamic range is required for the charge density analysis, the IP diffractometer with a 20-bit ADC is suitable for the experiment. It has a 683 mm Â 350 mm cylindrical shape with a 100 mm Â 100 mm pixel size. The camera length is fixed at 191 mm, and the maximum 2 angle is 145
. The goniometer of the IP diffractometer is a three-circle (', ! and ) goniometer. Although the readout time is about 5 min, a high-accuracy diffraction image can be acquired in a single scan. The seven-circle diffractometer has a conventional fourcircle (', !, and 2) diffractometer with an additional threecircle diffractometer on the 2 arm for polarization analysis. This diffractometer system has a long 2 arm with an angle resolution of 0.0001 and is utilized for mapping scans in reciprocal space, diffuse scattering observations or highresolution powder patterns with a point detector, such as a scintillation counter or an avalanche photodiode. The sample can be cooled to 30 K by using a cryogenic helium gas flow (Japan Thermal Engineering, XR-HR10K) or closed-cycle He cryostat with a half-spherical Be dome shroud on the sevencircle diffractometer.
3. Feasibility of pump-probe X-ray experiments 3.1. Photo-induced structural changes in TTF-CA In order to demonstrate the feasibility of time-resolved X-ray crystallography at NW14A, a time-resolved structural analysis of a tetrathiafulvalene-chloranil (TTF-CA) crystal has been conducted using the X-ray chopper, the CCD and the 150 fs laser system. A neutral (N)-ionic (I) phase transition of around 80 K is observed in TTF-CA owing to the competition between the energy gain of the long-range Coulomb attractive interaction and the effective ionization energy of the donoracceptor pair (Koshihara et al., 1990) . This transition can be reversibly triggered by the pulse laser excitation (Koshihara et al., 1990; Iwai et al., 2002; Collet et al., 2003; Gué rin et al., 2004) . A time-resolved measurement of the Bragg intensities in the neutral phase of TTF-CA was carried out at 90 K. The set-up and the timing chart of this experiment are the same as those is Fig. 5 . A 100 mm Â 60 mm Â 40 mm single crystal was pumped using the Ti: sapphire laser at 800 nm with the light polarization parallel to the stacking axis of TTF-CA. Laser pulses of 1.5 Â 10 16 photons cm À1 pulse À1 were delivered to the sample. The monochromatic X-ray (18 keV) flux on the sample was 3 Â 10 9 photons s À1 when using the X-ray Monitoring the signal recorded by the InGaAs MSM photodetector. The laser pulse is separated from the X-ray pulse by 6.4 AE 0.1 ns. The exact delay between the laser and the X-ray pulse is measured between the leading edge of the laser and the X-ray pulse.
chopper. The X-ray diffraction patterns were collected using a CCD camera. For each delay, five frames were collected with 5 s of exposure and a 2 oscillation step. The time profiles of the integrated diffraction intensity are shown in Fig. 7 , where a dramatic change in the intensities after the laser excitation is observed. This behavior is a direct signature of a strong threedimensional structural reorganization in the photo-induced state, and it shows the good reproducibility of the previous results (Collet et al., 2003; Gué rin et al., 2004) .
Photodissociation in NiTPP
If a detector with gating capabilities, such as an avalanche photodiode or a fast scintillation counter, is used, the X-ray chopper is not necessary and a gated integrator system can be used instead (Saes et al., 2003) . In order to demonstrate the feasibility of a time-resolved X-ray experiment without an X-ray chopper, a time-resolved molecular structural analysis of NiTPP(Pip) 2 (NiTPP, nickel tetraphenylporphyrin; Pip, piperidine) was conducted by means of time-resolved XAFS measurements. In the ground state the divalent Ni ion adopts a triplet spin state T 0 [NiTPP(Pip) 2 shown in Fig. 8(a) ]. The excited state is induced by the laser pulse and then, through some transient states, a singlet spin state S 0 [NiTPP shown in Fig. 8(b) ] is produced by ejecting both axial ligands. This process proceeds within a few hundred picoseconds (Rodriguez & Holten, 1990) . The S 0 state is unstable in strong coordinating solvents, and the system will return to T 0 within 28 ns. The time-resolved Ni K-edge X-ray absorption nearedge structure (XANES) spectra were measured by using a scintillation counter, a gated integrator and a 150 fs laser system. Through the metal filter and the solar slit, the fluorescence signal was detected by the fast scintillation counter, which has a 50 mm diameter of acceptance surface. The fluorescence signal just after (or just before) the laser pulse was chosen by the gated integrator synchronized with the laser pulse (945 Hz). The XANES spectrum was obtained by counting the output voltage from the gated integrator through a voltage-to-frequency converter. The 1 mM solution of NiTPP(Pip) 2 was pumped with the second-harmonic generation of a Ti: sapphire laser at 400 nm. Laser pulses of 5 Â 10 15 photons cm À2 pulse À1 were delivered to the sample. The monochromatic X-ray (around 8.3 keV) flux on the sample was 2 Â 10 12 photons s À1 at 794 kHz. The countable signal was reduced 840 times from its original fluorescence signal when using the gated integrator. The Ni K-edge XANES spectra of NiTPP at several delays and the ground state of NiOEP (nickel octaethylporphyrin) in the pyridine are shown in Fig. 8(c) . The ground states of NiTPP in piperidine and NiOEP in pyridine show sixfold and fourfold coordination, respectively. The pre-edge peak indicated by the arrow represents the localized 4p z orbital. The intensity of the preedge peak in NiTPP increases after the excitation because the axial ligand, which hybridizes with the 4p z orbital, is dissociated. The main-edge structure from 8345 to 8355 eV consists of the * molecular orbital, and its structure also changes after excitation because the z orbital disappears by the dissociation of the axial ligand. Both photo-excited changes appeared in the pre-edge and main edge towards the spectrum of NiOEP, and this is a direct signature of the photodissociation from the T 0 to S 0 state with a good reproducibility (Chen et al., 2001) . One of the important points to emphasize in this measurement is that an XANES spectrum could be measured in 10 min by the above-mentioned system with the fast scintillation counter and the gated integrator, although it normally takes a few hours to obtain an XANES spectrum with the equivalent signal-to-noise ratio using a photon-counting method.
Conclusions
At PF-AR, the capability for the investigation of structural dynamics on the 100 ps time scale has been demonstrated. Time profiles of the integrated diffraction intensity. The change in intensity is attributed to the photo-induced three-dimensional structural reorganization from the N phase to the I phase. The ground states of NiTPP in piperidine and NiOEP in pyridine show sixfold and fourfold coordination, respectively. In the NiTPP spectra the intensity of the pre-edge peak indicated by the arrow increases and the main-edge structure from 8345 to 8355 eV changes after the excitation. This is a direct signature of the photodissociation in NiTPP from the T 0 to S 0 state.
Capabilities for dynamical studies such as those presented in this paper can be utilized for all user experiments ($ 5000 h per year) at PF-AR. Unlike any other beamlines in the world, the amount of user beam time for time-resolved X-ray experiments at PF-AR is incredibly high. Instrumentation for such studies has been successfully developed, and a time-series of diffraction data sets has been collected to produce a 'movie' of photoreactions at atomic resolution. Further analysis of the structural dynamics is currently in progress.
